Abstract. We investigate the spectrum of the SU(2) gauge theory with N f = 2 flavors of fermions in the fundamental representation, in the continuum, using lattice simulations. This model provides a minimal template which has been used for different strongly coupled extensions of the Standard Model ranging from composite (Goldstone) Higgs models to intriguing types of dark matter candidates, such as the SIMPs. Here we will focus on the composite Goldstone Higgs paradigm, for which this model provides a minimal UV complete realization in terms of a new strong sector with fermionic matter. After introducing the relevant Lattice methods used in our simulations, we will discuss our numerical results. We show that this model features a SU(4)/Sp(4) ∼ SO(6)/SO(5) flavor symmetry breaking pattern, and estimate the value of its chiral condensate. Finally, we present our results for the mass spectrum of the lightest spin one and zero resonances, analogue to the QCD ρ, a 1 , σ, η , a 0 resonances, which are relevant for searches of new, exotic resonances at the LHC.
Introduction
New composite dynamics is often invoked to construct extensions of the Standard Model (SM) physics that can address one or several of the SM shortcomings: for example, composite extensions have been suggested to replace the SM Higgs sector, or to suggest natural dark matter (DM) candidates. Timehonored examples of composite dynamics for electroweak symmetry breaking are Technicolor (TC) [1, 2] and composite pseudo Nambu-Goldstone Higgs (pNBG) models [3, 4] .
In TC models the Higgs boson is the lightest scalar excitation of the fermion condensate responsible for electroweak (EW) symmetry breaking [5] [6] [7] [8] [9] . The physical Technicolor Higgs mass can be light due to near conformal dynamics [5, 10] and the interplay between the TC sector and the SM fermions and electroweak gauge bosons [11] .
In composite Goldstone Higgs models [3, 4] , the new sector has an underlying fundamental dynamics with global flavor symmetry group larger than the one strictly needed to break the EW symmetry. In this case the Higgs state can be identified with one of the additional Goldstone Bosons (GB), and it is therefore naturally light. EW symmetry is broken by radiative corrections, but typically these are not enough and yet another sector is required to induce the correct vacuum alignment for the EW gauge bosons and for the Higgs to acquire the observed mass. The underlying fundamental theory studied here constitutes the minimal composite template for any natural UV completion that simultaneously embodies both the TC and composite Goldstone Higgs models and it is based on an SU(2) gauge group with two Dirac fermions [12] [13] [14] [15] . It is also well known that fermion mass generation constitutes a challenge for any composite dynamics extension. For the present theory an extension that makes use of chiral gauge theories [16, 17] has been put forward recently in [18] , while adding TC-scalars fermions one can nontrivially give mass to all standard model fermions [19] . The phenomenology of this model has been studied in detail and it has been showed to be consistent with the present experimental data [20] .
The SU(2) model presented here has also been considered in the context of models of Dark Matter (DM). In fact, several asymmetric DM candidates were put forward which are stable baryons in TC models [21, 22] or Goldstone bosons of a new strong sector [13, [23] [24] [25] .
Another interesting class of DM models, unrelated to the composite EW scenario, was recently revived in [26] . Here an alternative mechanism [27, 28] is employed for achieving the observed DM relic density. It uses 3 → 2 number-changing processes that should occur in the dark sector involving strongly interacting massive particles (SIMPs). Compared to the WIMP paradigm, where the dark matter particles typically are expected to be around the TeV scale, this model can yield dark matter particles with masses of a few 100 MeVs. In [29, 30] a realization of the SIMP paradigm was introduced in terms of composite theories for which the model investigated here again provides the minimal template. Because the energy scale of the SIMP is very light, it is especially relevant to know at which energy scale dark spin-one resonances will appear, or more generally to understand its spectroscopy [31] . Furthermore the new states will modify the scattering at higher energies introducing possible interesting resonant behaviors [32] and, as it is the case for ordinary QCD, will impact on a number of dark-sector induced physical observables.
Here we present our results for the spectrum of the SU(2) gauge theory with N f = 2 flavors of Dirac fermions in the fundamental representation [33, 34] , as obtained via numerical lattice simulations. In particular we discuss out results for the lightest spin-1 and spin-0 resonances, which we obtained after performing both a chiral and a continuum extrapolation.
The theory has previously been studied on the lattice, and in particular, it has been shown that the expected pattern of spontaneous chiral symmetry breaking is realized [35] . Other groups have also investigated the spectrum of this model on the lattice [36, 37] concluding that chiral symmetry is broken, although no continuum extrapolation was attempted. A first estimate, affected by large systematic errors, of the masses of the vector and axial-vector mesons, in units of the pseudoscalar meson decay constant, have been obtained in [38] . The scattering properties of the Goldstone bosons of the theory have also been considered [39] , and the model has furthermore been investigated in the context of possible DM candidates related to the EW scale in [40, 41] .
A minimal composite Higgs model
In Nambu-Goldstone composite Higgs models [3, 4, [42] [43] [44] [45] the Higgs particle is identified with a Nambu-Goldstone boson of a spontaneously broken global flavor symmetry of a new strongly interacting sector. For a viable realization of this scenario, as long as only electroweak symmetry is concerned, the symmetry breaking pattern G F /H F should be such that the custodial symmetry of the SM is preserved, i.e. H F ⊃ G cust =SU(2) L ×SU(2) R ×U(1) X , and that one of the Goldstone boson has the correct quantum numbers for the Higgs particle, i.e. belong to the irrep (2, 2) 0 of G cust .
If we consider UV-complete models in four dimensions featuring fermionic matter, the three minimal cosets are SU(4)×SU(4)/SU(4) for fermions in a complex representation of the gauge group, SU(4)/Sp(4) for fermions in a pseudoreal representation and SU(5)/SO(5) for fermions in a real representation. The case SU(4)/Sp(4) is realized for a SU(2) technicolor gauge group with N f = 2 Dirac CONF12 fermions considered here, and it therefore represents the minimal realization of a UV-complete pNGB composite Higgs model. We also note that since SU(4) is locally isomorphic to SO (6) and Sp(4) is locally isomorphic to SO(5), the coset considered here is equivalent to the SO(6)/SO(5) case, sometimes called the next to minimal coset, whose phenomenology has been studied via effective sigma model description, as it is usually the case for pNGB composite Higgs models 1 . The Lagrangian of the SU(2) composite Higgs model, in the continuum and for the strong sector in isolation, is simply
where U and D are the two new fermion fields having a common bare mass m, F a µν is the field strength, and D µ is the covariant derivative. The above Lagrangian can be rewritten in terms of the fields
and
where
C is the charge conjugation operator acting on Dirac indices, and −iσ 2 is the antisymmetric tensor acting on color indices. From Eq.(3) it is manifest that the mass terms break the global SU(4) symmetry to Sp(4). In the limit m → 0, the global symmetry is broken spontaneously, as expected and as confirmed by lattice simulations [35] , by the formation of a fermion condensate UU + DD 0. The choice of a vacuum is not unique, however when considering the theory in isolation, as it is the case in lattice simulations, the physical properties, such as the spectrum and decay constants, do not depend on this choice. Once electroweak interactions are added to the model, different vacua of the new strong sector become inequivalent and the physical properties of the model depend on the vacuum alignment.
Following [15] , we embed the new strong sector in the SM by giving the four Weyl fermions the following electroweak charges: (2) L singlets with hypercharges −1/2 and +1/2 respectively. The physically interesting alignments of the condensate are given by Q i Q j ∝ Σ 0 , where Σ 0 is defined as
The vacuum Σ 0 depends on an alignment angle θ: when θ = 0, Σ 0 = Σ B and the fermion condensate does not break electroweak symmetry; on the other end when θ = π/2, Σ 0 = Σ H and the vacuum completely breaks electroweak symmetry. These two limits corresponds to the pNGB composite Higgs limit and the Technicolor limit respectively. However the model naturally interpolates between the two. The vacuum alignment angle θ will be determined by the interactions with the electroweak gauge bosons and with the SM fermions, in particular the top quark, not considered so far but which ought to be present in any realistic model for fermion mass generations. These interactions with SM fields break the global SU(4) flavor symmetry of the new strong sector via quantum corrections and they will generate a potential for the pNGBs thus fixing the value of θ. Moreover, additional sources of explicit breaking for the global SU(4) flavor symmetry can be introduced. Therefore the generic case 0 < θ < π/2 is natural. The electroweak vev v is related to the scale f of the new strong force 2 via the relation: v = f sin θ. The physical Higgs will be a mixture of pNGB and other scalar resonances from the strong sector with the same quantum numbers, i.e., considering only the lightest of such resonances, the pNGB will mix with the σ-resonance of the new strong sector.
It is worth reminding the other relevant generic features of pNGB composite Higgs models. In the limit θ → 0, the model naturally has couplings to the electroweak gauge boson identical to the ones of the SM: g VVh = g S M VVh cos θ and g VVhh = g S M VVhh cos 2θ; couplings to the SM fermions are also recovered in this limit, although the specific details are model-dependent: in our case g hf f = g S M hf f cos θ; finally the Peskin-Takeuchi S-parameter becomes small: S ∝ sin 2 θ. As studied in [20] , experimental data sets constraints on the allowed values of the alignment angle: a typical upper limit on the alignment angle is sin θ < 0.2.
Lattice results
Here we will study the spectrum of the strong sector in isolation, via lattice simulations. We discretize the SU(2) gauge theory with two Dirac fermions in the fundamental representation of Eq. (1) using the (unimproved) Wilson action for the two mass-degenerate Dirac fermions and the Wilson plaquette action for the gauge fields. The numerical simulations have been performed using an updated version of the HiRep code [46] . The fermionic part of the action reads:
where U µ is the gauge field, ψ is the doublet of U and D fermions, and am 0 is the 2 × 2 diagonal mass matrix proportional to the identity. Our simulation are performed at four values of the inverse lattice gauge coupling β = 2N/g 2 , for a number of different fermion masses and on several lattice volumes. This is needed in order to perform the required extrapolations to the chiral limit and infinite volume and to give an estimate of the systematic errors stemming from such extrapolations. We used the four different lattice spacings, corresponding to four different UV cutoffs, to extrapolate our results to the continuum limit. The full set of parameters used for the analysis and a detailed description of the procedures involved in the extrapolations are given in [33, 34] . In particular we refer to these references for the details about the extraction of the resonance masses from numerical lattice data.
Here we summarize the main steps in the analysis and present our results.
Scale setting and non-perturbative renormalization
Recent developments stemming from the so-called "Wilson-flow" [47] , led to the introduction of two different scale-setting observables, known as t 0 [47] and w 0 [48] , which can be measured much more precisely then other observables used in the past for the same purpose. In this work we used w 0 , although similar results are obtained from t 0 .
2 Here f is the pseudoscalar decay constant of the new strong sector, analogous to f π = 93MeV in QCD. In Fig. 1 (left panel) we show our results for w 0 /a for the four lattice spacings considered in this study as a function of y = w 0 (m PCAC ) m PS , where m PCAC is the current quark mass and m PS is the pNGB mass. For all the points in Fig. 1 we have m PS L > 5.5, which leads to negligible finite volume effects for this observable, as confirmed numerically.
In order to extrapolate to the chiral limit, we used the NNLO expansion in terms of m 2 PS which reads [49] :
where F is the pseudoscalar decay constant and k 1 , k 2 are dimensionless low energy constants. Note that the chiral logarithm enters only at NNLO. Rewriting Eq. (7) above, we fitted our data at each β with the following function :
where A, B and w χ 0 are free parameters (we also set w χ 0 µ = 1). This functional form describes well our numerical data, and from it we can determine the lattice spacing in the chiral limit from w χ 0 . In the right panel of Fig. 1 we show w 0 /w χ 0 for all four lattice spacings. The deviation from a universal curve of such a quantity is a measure of lattice discretization errors. As can be seen, these are small in the w 0 observable for our three finest lattice spacings corresponding to larger β values.
To properly renormalize the pseudoscalar decay constant F PS and of the quark mass m PCAC , we determine the non-perturbative renormalisation constants of the isovector vector (V), axial (A), and pseudoscalar (P) bilinear operators. We use the RI'-MOM scheme (regularization invariant momentum scheme) as in [50] , which is defined imposing renormalization conditions on the fermion propagator and amputated Green's function for fermion bilinear operators in the chiral limit and at a given reference momentum. We verified that our conclusions are not affected by this choice of reference momentum, within the accuracy of this study. 
Goldstone sector: m PS and F PS
Here we describe the procedure used to extract the relevant low energy constants in the chiral limit from our numerical data obtained at a finite cutoff and with a finite quark mass. We consider the expressions at next-to-leading order chiral perturbation theory in the continuum, and at infinite volume, for the Goldstone boson mass m PS and its decay constant F PS which read [51] : PS Z A the renormalized pseudoscalar decay constant. In the conventions of [51] , the condensate is given by Σ ≡ −2BF
2 . The use of the infinite volume expressions is justified given the values of F PS L and m PS L, with L the lattice size, for our numerical simulations. To take into account cutoff effects we use the following parametrization:
Here the new fitting parameters δ M,F and γ M,F control the discretization effects. Note also that the two coefficients a F,M are fixed in the continuum, but here we consider them as free parameters at finite lattice spacing. This parametrization is inspired by Wilson chiral perturbation theory. We show in Fig. 2 the results of our chiral and continuum extrapolations obtained from Eq. (10) and (11) . Due to large cutoff effect, the data at our coarsest lattice spacing is not well described by the parametrization used, and it was not included in the final fit. (4)(12). The systematic error was obtained by comparing the results from the above procedure, with a different extrapolation strategy, namely performing a chiral extrapolation at fixed lattice spacing first, followed by a linear continuum extrapolation of the parameters. The value of the condensate then reads Σ 1/3 /F = 4.19(26) (statistical and systematical errors have been combined).
Spin-1 resonances
We now consider the isotriplet vector and axial-vector mesons. In order to perform the required chiral and continuum extrapolations we use a similar strategy to the one used in the previous section. We perform a combined chiral and continuum extrapolation by fitting our data to the following ansatz:
The results of the fit are shown in Fig. 3 2) and m A /F PS ∼ 14.5 (3.6) . These values are higher than the one from QCD, and we also note that the large error comes mainly from the continuum extrapolation of F PS and m A .
Spin-0 resonances
We performed a first benchmark computation of scalar resonances, corresponding to the σ, η and a 0 resonances in QCD. In the case of isosinglet states, the σ and η , the numerical estimation is Figure 6 . Comparison of spectrum of QCD (N f = 2) with our current results. We use the notation I(J P ) to label states. The QCD result are taken from experiments (at the physical value of the pion mass) except for the η where we took the central value of a N f = 2 lattice calculation (denoted η 2 ) [52] . The error on the QCD sigma pole mass is shown by a light blue band. Note that while in two flavor QCD every I = 1 state is triply degenerate, in our case I = 1 states correspond to five degenerate states.
very challenging due to the presence of disconnected contributions in the two-point functions used to estimate the mass of the states. For this reason we are not able to obtain a signal for all our ensembles of parameters. We present here our first estimate, which is affected by large systematic errors.
Also for scalar resonances we use Eq. (12) for a combined chiral and continuum extrapolation. We show in Fig. 4 our numerical data and the extrapolation for the isosinglet scalar states, and in Fig. 5 the results for the a 0 resonance.
In the case of the a 0 , we have checked that finite volume effects are not significant on three different volumes (L/a = 16, 24, 32). Since the estimate of the mass of the a 0 does not require the estimate of any disconnected loops contribution, we are able to obtain a signal on all data sets and thus include four lattice spacings in the extrapolation. However since we observe that some of our data points lie above the 3 Goldstone boson mass threshold, we exclude these data points from the fit. 
Conclusions
We analyzed the SU(2) gauge theory with N f = 2 fermions in the fundamental representation using lattice techniques. This model has been used as a minimal template for a UV complete pNGB composite Higgs model, compatible with current experimental limits. We presented here the first results for the low lying spectrum and low energy constants of the model, including both chiral and continuum extrapolations.
Our results include a detailed analysis of the Goldstone sector, which lead to the determination of F PS used in the model to set the new strong force scale via the relation: 246 GeV = F PS sin θ, where θ is the vacuum alignment angle of the model. The spectrum for both the lightest spin-1 and spin-0 resonances was also determined. Our results, in terms of F PS , are: m V /F PS = 13.1(2.2), m A /F PS = 14.5(3.6), m a 0 /F PS = 16.7(4.9), m σ /F PS = 19.2(10.8) and m η /F PS = 12.8(4.7).
Although we take great care to estimate all sources of systematic errors, in some cases the present numerical data is too limited for a reliable estimation and therefore, in these cases, systematic errors might be underestimated. In particular this is the case for the isosinglet scalar resonances, which are notoriously very hard to estimate on the lattice.
A summary of our results, as compared to N f = 2 QCD, are shown in Fig. 6 . Taken at face value, our present results indicate a spectrum which is quite different from the QCD one, featuring heavier resonances. As an example our results predicts new vector resonances of mass: m V = 3.2(5) sin θ TeV, and m A = 3.6(9) sin θ TeV ,
